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ABSTRACT 

We report x-ray, optical, and radio observations of a high 
redshift, Bautz-Morgan type I cluster of galaxies. The cD galaxy contains 
a powerful, flat spectnim radio source coincident with the possibly 

I 

stellar nucleus. The cluster is an extremely luminous x-ray source; 
however, unlike nearby luminous x-ray clusters the x-ray spectrum appears 
to be rather soft. We suggest two possible interpretations of the source: 
either the intracluster gas is much cooler in high redshift clusters 
because they are less relaxed, or the x-ray and radio emissions from 
WQ 2059-247 are the result of a non-thermal QSO/BL Lac type object 
in the nucleus of the cD. 

^Guest Observer, Einstein X-Ray Observatory 

^Operated by Associated Universities, Inc., under contract with the 
National Science Foundation. 
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I. INTRODUCTION 

Tlu*. study of clusters of galaxies at high redshift cmi provide a 
wealth of information on the formation and evolution of clusters, the 
origin of the Intracluster medium, the nature and origin of cD galaxies 
and the evolution of non-tliermal nuclear sources (quasars, radio galaxies, 
etc>)> As the largest organized structures in the universe, clusters ay 
provide cosmological 'markers' for determining the structure of the 
universe. Unfortunately, the number of known high redshift clusters is 
small, and they have been discovered in an unsystematic manner. 

White and Quintana (1980) have made an optical survey of 
clusters covering a wide range of properties and distances. The clusters 
extend from Abell's distance group 0 through 7 (Abell 1958), and out to an 
estimated z of 0.4. The survey was made on the ESO/SRC J copies, which 
are very deep. Information includes cluster richness, Baiitz-Morgan (B~M) 
type (Bautz and Morgan 1970), compactness, and other properties. The 
uniform classification of clusters over so wide a range of redshift is 
essential to provide a proper sample, for the study of cluster evolution. 

We are presently investigating the. x-ray, radio, and optical properties of 
a select group of high redshift clusters from this survey. 

We report here on one cluster from this survey, WQ 2059-247, 
having extraordinary x-ray, optical, and radio properties. Optically this 
cluster is dominated by a cD galaxy, wlu>se nucleus (which may be stellar) 
contains a strong, flat-spectrum radio source. Tire cluster is extremely 
luminous in x-rays, anil appears to have a soft x-ray spectrum. Titus, the 
present observations may indicate that high redshift cluscers have 
intracluster gas which is considerably cooler than that in nearby clusters 
(see also Perrenod and Henry 19v80). On the other hand, wo also suggest an 


alti'i’naulvo t tn wUi«h the iMtIlo, opt leal, am! x“ray radiation all 
arise from a QSO/UL Lac type object In tbe nuclmis of the ch galaxy. 

II. m’TICAL onSKRVATTONS 

A reproduction of the region surrounding WQ 20 j‘l>247 taken from 
tlu' USO/SRC >r copy Is shovi?n in Figure la (Plate 1). The cD galaxy at the 
center of this cluster is Indicated on the plate. WQ 2059-2A7 was 
classified as a cosmological cluster by White and Quintana (1980), with an 
estimated redshift based on the magnitude of the tenth brightest galaxy 
(mii)(l!) * 21.0 ± 0.3) of a •• 0.4. The distance scale v^as calibrated by 
assuming that Abell's mio •• 18,0 Is equivalent to a redshift k “ 0.20 
(Abell 1958) and by using standard K~correctlons (WhitCord ,',975) and 
assuming standard elliptical colors (B-U “ l.bO). The magnitudes v^eve 
estimated by coniparison to galaxies with known pl\otoelectric magnitudes in 
tiK' cluster A1146 on an equivalent ES0/8RC film copy. The redshift 
osclmate Is supported by comparisons of WQ 2059-247 witlj Images on 
Palomar-Scbmldt Ilia J plates of Gunn-Oke clusters with known redshifts. 
The. errors involved in redshift estimates of this sort can be quite large, 
however. For clusters at tlvls redshift, only the brightest galaxies are. 
detectable on ESO/SRG plates. Thus, It is difficult to determine 
accurately tlie richness. However, the cluster must bo relatively rich; wc 
would estimate tiuit it is Abell richness class 1-2 (between A2199 and Coma 
in richness). WQ 20.59-247 is a B-M type I, compact cluster with an 
estimated radius (see Wl\ite and Quintana 1980) of 200 arcsec.. If ?- * 0.4, 
Hq " 5OI15Q km/sec/Mpc, and q<, *» 0 (the standard values used throughout 
this paper), this corresponds to 1.4 hsiV^ Mpc. 

The cl) galaxy Is shown at higher magnification in Figures lb and 


Ic (PI to 1), at two 05tpOtt»u‘o IovoIh. In FIrui'o H>, n deop oxpoauro, cho 
IsirfiOHt oxtont of tho cl) onvolopi' vlHlhlo on tlu'' film coploa la IniHcnttnl 
with a dashiHl lino. 'Hu' illamotiH* Is approximately 15 arcsoc, 
ootri'Hpondinp, to 250 h. 5 p""^ kpc. 'nils Is conslstoiit with the 
classification of the fiulaxy as a cl). Flputo ic, a Unhtor exposure, 
illustrates the nuclear rej’lon of tlte cD. The luiclear region Is 
apparently unresolveil, with an tnuifte dlametpr of 3 1/2 arcsoc. Tlie 
maRnitiule of the nucleus is mp " 19,4 ± 0.3. Unfortunately, we do not 
have access to the KS0/t>110 R copies; however, this rep, ion overlaps with 
the southern Koue of the Palomar Survey. Although the Imapes of the cU 
nucleus are near the plate limits, It la (leflulte.ly not blue. In Flpure 
lb, v^e note that there are at least two secomlary nuclei nr other salaxles 
within the projected enveiope of the cO, a common feature of cp galaxies. 

In the radio and x~ray ohservations of this region (§111 and 
IV), a second source was discovered soutlv of the cluster (hereafter, the 
’southern' source). Altlurugli the sine of the x~ray error ellipse 
precludes any definitive optical Identification, the radio position Is 
coincident with a blue stellar object of magnitude mp ■ 18 I I (estimated 
from the Palomar Survey). A preliminary spectrum of this object {udicates 
that it is a backgrouud quasar with a redshlft of z “ 0.9b (John Stocke, 
pr i va te commuu lea t ion ) . 

The optical positions of the cO nucleus and southern source, 
(quasar) are given in Table 1. 

m, RADIO OBSERVATIONS 

As part of a VIA survey of hlgli redshlft clusters (Jaffe. 1980), 
the. cluster region was observed on the night of 24-25 July 1979, when the 
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VLA conslstod of 14 25m celescopes with baselines from 25m to 17 km. 
Because of atmospheric fluctuations at low elevations we only Included 
baselines shorter than 8 km In tite reduction. The telescope was tuned to 
1460 Mil!: with a bandwidth f>f 50 Mils:. We observed ten 6 minute ’cuts' 
spaced evenly in hour anj?le from "3^' to 3^'. Tlie map sliowed two unresolved 
sources (<5 arcsec). The stronRer source has a flux Si4(,Q « 58 A 4 mJy 
and was coincident with the optical nucleus of the cD (see Table 1). Tlie 

second, southern source had a flux of 8^460 “ ^ 

coincident with the quasar described in §11. In addition, we obtained a 
single 10 minute scan of the repion at 4885 MHz on the VLA about two 
months later. This revealed an unresolved source (<3 arcsec) with a flux 
of S4305 w 45 ± 5 mJy coincident with the cD nucleus, with some confusing 

emission on a scale of 1 accmln. The limited data did not allow the 

mapping of tills emission. Tlie southern source was beyond the field of 
view in this observation. 

The spectral index of the cH nucleus from 1460 to 4885 MHz is 
-0.2 ± 0.1. At a redshift of z “ 0.4, the lumliiosity per unit frequency 
is Pi460 “ 5.9 X 10“^ W H^”^ in the rest frame of the source. Sources of 
this luminosity or with flat spectra are unusual in brightest cluster 
galaxies. The local radio luminosity function of Auriemma et al . (1976) 
predicts that only 1 in 3000 such galaxies will be radio emitters with 
this or higher luminosity, regardless of spectrum. Moreover, most dominant 
cluster galaxies have very steep radio spectra. However, It is only fair 
to point out that the cl) in WQ 2059-247 is not unique in its radio 
properties} NGC 1275 (3C 84) in the Perseus cluster is similar. At 
z = 0.4, NGC 1275 would have fluxes of SjAgo ** 70 mJy and 84335 ^ 


(Gisler and Mi ley 1979). 
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XV. X-RAY OBSERVATIONS 

The cluster wna observed for 3135 seconds with the ImoRlng 
Proi)ortlonnl Counter (XPC) on the Einstein X-Ray Observatory (Giacconl 
et nl . 1979). Two sources were detected near the center of the field, a 
strong source at the cluster center and a weakar source about 4 arcmln 
south of the cluster center. By binning the data horizontally, 
vertically, and radially from the center of the cluster source and 
comparing to similar profiles for Isolated point sources, we found that 
the two sources were apparently distinct; no significant evidence for any 
extended omission linking the two was found. Tlie position of the cluster 
source and southern source are given in Table 1. On Figure la (Plate 1) 
we show the 68% confidence intervals for the positions of the centers of 
the two x-ray sources superimposed on the optical image of the cluster. 

The position of the cluster source Is clearly consistent with the position 
of the nucleus of the cl) galaxy. Tlie southern source is well-separated 
from the cluster center. In the analysis and discussion which follow, we 
will assume that the southern source Is in fact the background quasar 
described in §II and III. Comparison with other fields we have observed 
for comparable periods Indicate such serendipitous sources are reasonably 
common. 

To determine the flux from the cluster, we determined a flux for 
the southern source, and the flux from the entire region, and then 
subtracted the two. The background was determined from the SDF file; 
however, results for backgrounds determined from blank regions in the same 
field are similar witliin the errors. We found 38, 8 ±6.9 net counts 
(.5-3 keV) from the southern source, and 393.1 ± 23.0 total net counts 
for the region, which yields 354.3 ± 24.0 net counts for the cluster 
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Bource. If m anHum*? that both soiiruos have power law phobon spectra with 
an index of 2, we find observed fluxes of 1.57 t .11 x 10"^ ph/cm“ sec for 
the cluster source and 1.57 t .28 x 10“^ ph/cm^ sec for the southern 
source in five energy range, of .5-3 keV. 'Hie hydrogen column density 
towards the source can be interpolated from the tables of Tolbert (1971) 
as Nij »* 6.5 ± 1.0 X lO-O cm“^. Tlie luminosity of the cluster source 
corrected for absorption in our galaxy and assuming z *• 0.4, is 
ti « 3.83 ± .26 X 10^5 hso”^ ergs/sec for the energy range .5 - 4.5 keV in 

O 

the rest frame of the cluster. We again assumed an £”■** photon spectrum, 
although the result for a thermal spectral with kT * 2 keV is Identical 
within the errors. 

The observed pulse height count distribution from tlie cluster 
source is fshown in Figure 2. Apparently, the source has a soft spectrum. 
Because of gain variation problems within the IFC, spectral fits from 
pulse height distributions are not reliable. However, from a comparison 
with IPC observations of other sources with known spectra, we estimate 
that if WQ 2059-247 emits by thermal bremsstrahlung and lino emission with 
solar abundances (Sarazin and Bahcall 1977), the predominant emission 
temperature must be kT ^4 keV in the rest frame of the cluster. However, 
this estimate is very tentative; a more accurate determiO' ion of the 
temperature from these data must await the calibration of the vartable 
gain on the IPC. 

We have determined the radial distribution Of x-ray counts 
around both sources, and compared to the point spread function of the 
instrument as determined by observing known point sources. Both sources 
are apparently unresolved; however, their proximity makes this result 
somewhat ambiguous. Conservatively, we have estimated that at least 80% 
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of the flux from the source comes from wltliln n circle of radius 45" for 
the cluster source and 90" for the southern source. 

V. DISCUSSION 

WQ 2059"247 Is one of the most luminous x-ray clusters ever 
observed. It is three times as luminous as 3C295, the strongest 
cosmological cluster detected by Henry et al . (1979). It is as bright as 
or brighter than the most luminous nearby clusters, such as A401, A1146, 
and A2029 (Jones and Forman 1978; McHardy 1978). These are all B-M type I 
clusters, as is WQ 2059-247. Tlie x-ray source associated with WQ 2059-247 
is also rather compact. If it is fit by an Isothermal sphere, its x-ray 
core radius is i .23 1150 “^ Mpc. 

At first sight, the x-ray properties of WQ 2059-247 would seem 
to form a natural extension of the properties of nearby clusters. In 
§11 and §III, we showed that WQ 2059-247 is a rich, compact cD cluster 
(B-M type I) with a strong radio source. Observations of nearby clusters 
indicate that the most luminous x-ray clusters are B-M type I's (Bahcull 
1974), and that in these clusters the x-ray surface brightness is sharply 
peaked around the central cD galaxy, with a core radius of about .25 Mpc 
(Jones et al . 1979). Moreover, strong x-ray emisslou is often found to 
correlate with the presence of a strong radio source (McHardy 1978). 

However, while the strength of the radio and x-ray emission can 
be interpreted as an extension of properties of nearby clusters, the x-ray 
and radio spectra cannot. WQ 2059-247 is softer than the very luminous 
x-ray sources associated with most nearby x-ray clusters. The B-M type I 
cluster A2199 has a low temperature kT » 3 keV (Mushotzky et al . 1978), 


but is more than an order of magnitude less luminous chan WQ 2059-247. 
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While there 1 b evidence thnt many cluHtecs have cooling componentB In 
their cores (Canlanres et n l. 1979; White nnd Silk 1980), the total 
luminosities associated with these cooling cores are much smaller 
than the luminosity of WQ 2059-247. 

The flat radio spectrum of the radio source associated with the 
cD galaxy in WQ 2059-247 is also unusual for either a radio source in a cD 
or a strong x-ray cluster radio source. It is more typical for the very 
compact radio sourens associated with quasars and 8L Lac objects. 

Given these problems with interpreting the emission from 
WQ 2059-247 with thermal emission from Intracluster gas, we suggest the 
possibility that the x~ray emission we have detected and also the nuclear 
optical emission from the cD might all originate from the same nontlicrmal 
point source which produces the compaci’ ruiUo source. In Figure 3, we 
show the radio, optical, and x-ray fluxes observed for this source; the 
x-ray and optical fluxes ware corrected for absorption in our galaxy 
corresponding to a column density of hydrogen Nn « 6.5 x 10^0 cm“^ 

(see §IV). The radio (4885 MHz) to optical spectral index is a,-o « -0.50, 
while the optical to x-ray index is “ -0.87. These values are similar 
to those typically found for quasars and 8L Lac objects, although the 
x-ray to optical luminosity ratio is somewhat higher than normal 
(Tananbaum et al . 1979). If the radio, optical, and x~ray emission of 
this object do arise for a non-thermal point source, the total luminosity 
of tills nonthermal point source would bo larger than 10*^^' h'jo’”^ ergs/sec, 
wliich would put it In the class of quasars or BL Lac objects." 

Two weak arguments slightly favor a BL Lac object. First, the 
optical nucleus Is not blue, as it would be if it had strong emission 
lines. Second, the ratio of x-ray to optical luminosity is larger than 
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unity. Thifl may Indtcace that tlu» aourca is extremely compact .md Ib 
tlierufore moro likely to bo asgoclated with a BL Lac object or optically 
violently variable finasar. 

Thvm, if the x-ray cmlBnlon from WQ 2059-247 is diffuse, thermal 
emission from intracluster gas, the gas is considerably cooler thnn that 
found In nearby luminous :;-ray clusters. We note that the evolutionary 
models of terrenod (1978) predict that clusters at 2 ■■ 0.5 have average 
x-ray temperatures *»s much as a factor of two lower than those In average 
nearby cluBters. Alternatively, the x-ray emission from WQ 2059-247 may 
originate in the nonthormai. point source at the center of the cD galaxy. 

If so, it will be the first time a (juasar or BL Lac object has been 
discovered in a previously identified galaxy. 

Additional observotions of WQ 2059-247 can resolve this 
ambiguity in its interpretation. An optical spectrum of the cD would 
provide an accurate redshlft for the system, and might show the emission 
lines or nonthermal continuum expected if the system wore a QSO/BL Lac 
object. A direct optical plate from a large telescope should determine 
whether the nucleus is pointltke or extended} similarly, a high resolution 
x-ray map would show whether the emission arises from a diffuse gas or a 
point source at the cD nucleus, finally, all of these observations can be 
used to test whether emission from the object varies significantly, as 
might be expected for a BL Lac object. 
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TABLK 1 OPTICAL . RADIO. AND X~RAY POSIT IONS 


Sourco R*A. (1050) Dtc 

cD nucitsuet/clusteif Optical 2O^50®J4,57 t .12® -24*A3*53.2 t 2.0" 

Radio 20h59»l4.56 i .18® ~24''43‘56,5 ± 3.0" 

X-roy 20h59«'15.r ± 2.3 ® -24’43'3l t 5?" 


Southern/quasar Optical 20^'59"*17.25 ± .12® -24“47'46.0 ± 2.0" 

Radio 20h59i»17.28 t .18** -24*47*45. 7 ± 3.0" 

X-ray 20h59‘«18.9 ± 4.3 ® -24*47*17 ± 53" 


Figure 


Figure 


Figure 
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FIGURE CAPTIONS 

la; Finding chart for the region of WQ 2059-247 from ESO/SRC J 

copy. Tlie plate scale is 6.71 arcsec/mm. The cD and southern 
object/quasar are labelled. Tlic x-ray position error ellipses 
for the two sources are shown as dashed lines. 

lb: A larger scale, deep exposure of the cD. The maximum extent 

of the envelope visible on ESO/SRC J film copy is shown as a 
dashed contour. Tlte plate scale is 1.34 urcsec/mm. 

Ic: A larger scale, shorter exposure of the cD at the same scale 

as lb, to show the unresolved nucleus of die cD, 

2; A histogram of the IPC pulse height distribution from 
WQ 2059-247. Each bar gives the number of net source 
counts in the photon energy range shown; the lines in 
the center of the bars give the lo uncertainties. 

3; The radio, optical, and x-ray fluxes from WQ 2059-247, 
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